There are limited data from prospective studies regarding interactions between lipoprotein lipase gene (LPL) and lifestyle factors in association with HDL-cholesterol (HDL-C) concentrations, a biomarker of coronary heart disease risk. Our prospective cohort study investigated the interactive effects of a common LPL polymorphism and lifestyle factors, including obesity, smoking, alcohol consumption, physical activity, and dietary intake, on follow-up measurements of HDL-C and triglyceride (TG) concentrations. A total of 5314 Korean men and women aged 40-69 y participated in the study. Serum HDL-C and TG concentrations were measured in all participants at baseline and 6-y follow-up examinations. On the basis of genomewide association data for HDL-C and TG concentrations, we selected the most significant polymorphism (rs10503669), which was in high linkage disequilibrium with the serine 447 stop (S4473) mutation (D# = 0.99) of LPL. We found that carrying the T allele reflecting the LPL 3447 allele was positively associated with follow-up measurement of HDL-C concentrations (P < 0.001). In the linear regression model adjusted for baseline HDL-C concentration and potential risk factors, we observed interactive effects of the polymorphism and consumption of alcohol (P-interaction < 0.01) and unsaturated fat (P-interaction < 0.05) on follow-up measurement of HDL-C concentrations. We also observed interactive effects of the polymorphism and body mass index (P-interaction < 0.01) on follow-up measurement of TG concentrations after adjusting for the baseline level and potential risk factors. Our findings suggest that carriers of the LPL 3447 allele benefit from moderate alcohol consumption and a diet high in unsaturated fat to minimize reduction of blood HDL-C concentrations and that obese persons who do not carry the LPL 3447 allele need to control body weight to prevent hypertriglyceridemia.
Introduction
The HDL cholesterol (HDL-C) 7 concentration in blood is considered a predictor of coronary heart disease (CHD) risk based on accumulated evidence of a strong inverse association with mortality related to CHD (1, 2) . This lipoprotein plays a biological role in extracting excess cholesterol from cells in the arterial vessel wall by carrying it to the liver for excretion or reuse (3) . In transgenic mouse models, elevated HDL-C concentrations through the overexpression of apoA-I or lipoprotein lipase (LPL) detained and even regressed atherosclerosis (4) (5) (6) . Several enzymes, such as LPL, lecithin-cholesterol acyltransferase, and hepatic lipase, are involved in the metabolism of HDL-C; in particular, LPL takes part in the initiation of the HDL-C maturation process, where this enzyme hydrolyzes TG-rich lipoproteins releasing apo (3) . Recently, genome-wide association (GWA) studies have revealed common genetic factors that are associated with the HDL-C concentration in blood and demonstrated strong evidence for the LPL gene involvement (7) (8) (9) (10) . Furthermore, some cross-sectional studies have reported LPL gene-lifestyle interactions in association with HDL-C or TG concentrations (11) (12) (13) (14) (15) (16) . However, such interactions have not been examined in prospective studies.
The objective of our prospective cohort study was to investigate the interplay between the lipoprotein lipase gene (LPL) and lifestyle-related factors that are reportedly associated with lipoprotein metabolism, including obesity, smoking, alcohol consumption, physical activity, and diet (17) (18) (19) (20) (21) , with longitudinal variation in HDL-C and TG concentrations. In terms of LPL polymorphisms, this investigation focused on the most important single-nucleotide polymorphism (SNP), which was reported to be associated with HDL-C and TG concentrations by a previous GWA study (10) and appeared to be a surrogate marker of the S4473 polymorphism. This is a common gain-offunction polymorphism characterized by cytosine-to-guanine transversion, which results in a premature stop codon that truncates the protein due to the loss of the C-terminal serine and glycine. It was reported that carriers of the 3447 allele have higher HDL-C concentrations and lower cardiovascular risk than those with the wild type (22, 23) . It would be noteworthy to examine the interactive effects of this specific LPL polymorphism and lifestyle factors on serum HDL-C and TG concentrations.
Subjects and Methods
Original cohort. The study included population-based samples from 2 independent cohorts, which were embedded within the Korean Genome and Epidemiology Study, with prospective follow-up. The members of both cohorts were enrolled at 2 different sites, Ansan and Ansung, which are cities located in Gyeonggi Province near Seoul. All participants were Korean, had the same ethnic background, and were aged 40-69 y at the beginning of the study. Detailed information on the study design and procedures for each cohort is available in previous reports (24) (25) (26) . The baseline examinations began on June 18, 2001 and were completed by January 29, 2003 . During the site visit, cohort members participated in a comprehensive health examination and questionnaire-based interview. They have been followed-up biennially with a scheduled site visit for similar examinations and interviews. At each visit, the participants signed an informed consent form that was approved by the Human Subjects Review Committee at the Korea University Ansan Hospital or the Ajou University Medical Center.
Definition of outcome. Major outcomes were the follow-up measurements of serum HDL-C and TG concentrations. We measured serum HDL-C and TG concentrations at baseline and during the follow-up period from March 19, 2007 to March 12, 2009 . For assays of HDL-C and TG concentrations, blood specimens were collected from participants who had fasted for at least 8 h at the baseline and follow-up examinations. Lipid assays were conducted in a commercial laboratory (Seoul Clinical Laboratories). Serum HDL-C and TG concentrations were measured by means of electrophoresis and enzymatic assay, respectively. The laboratory reported inter-assay CVs of 3.8% for HDL-C and 5.2% for TG from routine assays.
Genetic data. A previous study already described the preparation of the genomic samples, the genotyping method, and quality control for the original GWA data (10) . As shown in Supplemental Methods and the study (10) , the rs10503669 SNP was substantially associated with HDL-C and TG concentrations. As depicted, the rs10503669 SNP was found to be in high linkage disequilibrium with S4473 (D# = 0.99) of LPL (Supplemental Fig. 1 ).
Lifestyle variables. Questionnaire-based interviews and anthropometric measurements were periodically conducted. The questionnaire asked for information on demographic characteristics, medical history and health conditions, family disease history, and lifestyle. In particular, detailed information on lifestyle variables such as smoking, alcohol consumption, physical activity, and dietary intake was collected. The method of calculation for mean daily alcohol consumption (g/d) and total metabolic equivalent score (MET-hour) of physical activity was described in a previous report (25) . We obtained dietary information using a semiquantitative FFQ, which was developed and evaluated for validity by the Korea Centers for Disease Control and Prevention (26) . Further information on the FFQ is available elsewhere (27) . Briefly, the FFQ included 103 food items with information on 3 serving sizes (smaller than, equal to, or larger than a standard serving size) and 9 categories of intake frequencies ranging from ''almost never'' to ''3 or more times per day.'' During the interview, trained interviewers used pictures of food to help participants select a proper serving size and inquired about the participantÕs eating habits over the past year using the FFQ. Mean daily intake of nutrients was calculated on the basis of responses to the FFQ and the food composition database published by the Rural Development Administration of Korea (28) . The validation study showed that Pearson correlation coefficients were between 0.3 and 0.5 for macronutrient intake calculated using multiple dietary records and the FFQ (26) .
Study population. Of the 8732 individuals with data available on the rs10503669 polymorphic genotypes, we excluded 840 participants who reported pregnancy at baseline (n = 1), did not complete the baseline health examination (n = 15), did not provide adequate information on dietary intake (energy intake beyond 5 SDs), had missing values on lifestyle variables (n = 579), reported a physician diagnosis of cardiovascular disease (n = 215), or reported using medications to treat dyslipidemia (n = 30). Among the remaining 7892 individuals, 67% were followed-up 6 y later; thus, data for 5314 participants were used for analysis.
Statistical analysis. We calculated descriptive statistics (means 6 SDs or percents) to present characteristics of the study population according to the rs10503669 polymorphic genotypes. We used a chi-square test for categorical variables and the ANOVA procedure (Scheffé test as a posthoc test) for continuous variables for comparison across the genotypes. We performed multiple linear regression analysis for the associations of the rs10503669 polymorphism and lifestyle variables with serum HDL-C or TG concentrations. In the model, the dependent variable consists of the follow-up measurements of serum HDL-C or TG concentrations. These were transformed by natural logarithm to reduce the influence of outliers. The corresponding baseline measurement of serum HDL-C or TG concentrations was included as a confounding variable. Thus, we obtained regression coefficient estimates for explanatory variables of interest, such as the rs10503669 polymorphic genotypes, BMI, smoking status, alcohol intake, physical activity, and dietary variables. In particular, we constructed 2 types of multiple linear regression models: model 1, which includes age, baseline measurement of HDL-C or TG concentrations, and each of the explanatory variables of interest; and model 2, which includes age, baseline measurement of serum HDL-C or TG concentrations, sex, study site, the rs10503669 polymorphic genotypes, BMI, smoking status, alcohol intake, physical activity, and total energy intake. To obtain regression coefficient estimates for energy-adjusted intake of carbohydrate, protein, saturated fat, or unsaturated fat, each of these dietary variables, instead of total energy intake, was fitted in model 2. To perform joint analysis of the genotypes and lifestyle variables, we included combinations of dichotomized variables in the model. To dichotomize BMI, we used $25 kg/m 2 as a cutoff point according to the obesity criteria suggested by the International Obesity Task Force (29) .
We tested whether there was an interactive effect of the genetic polymorphism and a lifestyle variable on the follow-up measurement of HDL-C or TG concentrations by introducing their interaction term into the model. In further analysis, we performed Scheffé tests to compare HDL-C or TG concentrations across the categories of the genetic polymorphism and lifestyle factors that showed significant interactions. All testing was based on a 2-sided level of significance (P < 0.05) and SAS software (SAS 9.1.3, SAS Institute) was used.
Results
The median length of follow-up was 5.9 y (range: 5.1-6.9 y). The characteristics of the 5314 participants across the rs10503669 genotypes were compared ( Table 1) . Genotype frequencies were 0.78 for GG, 0.20 for GT, and 0.02 for TT. Compared with carriers of GG, those with TT were more likely to be older, nonsmokers, and alcohol drinkers (P < 0.05) and had higher HDL-C and lower TG concentrations at baseline as well as at 6-y follow-up (P < 0.001).
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The results for the associations of the LPL polymorphism and lifestyle variables with the follow-up measurements of serum HDL-C and TG concentrations are presented ( Table 2) . Because the proportion of TT carriers was small, we pooled those with the T allele for association analyses. The results based on the regression coefficient estimates from model 2 are as follows. Carrying the T allele was positively associated with HDL-C concentrations (P < 0.001) but was inversely associated with TG concentrations (P < 0.01). BMIs >23 kg/m 2 were inversely associated with HDL-C concentrations (P < 0.05) but were positively associated with TG concentrations (P < 0.05). Heavy smoking of $11 cigarettes/d was inversely associated with HDL-C concentrations (P < 0.001) but was positively associated with TG concentrations (P < 0.001). Consumption of >15 g/d ethanol was positively associated with TG concentrations (P < 0.001). The top quartile of physical activity (>42 MET-hours/d) was positively associated with HDL-C concentrations (P < 0.01) and so was the top quartile of energy-adjusted saturated and unsaturated fat intake (P < 0.05). To the contrary, the 3rd and top quartiles of energy-adjusted carbohydrate intake were inversely associated with HDL-C concentrations (P < 0.01).
The results for the joint effects of the rs10503669 genotypes with lifestyle variables on HDL-C or TG concentrations and P-interaction are presented ( Table 3) . We observed interactive effects of gene and lifestyle variables, such as alcohol consumption (P-interaction < 0.01) and energy-adjusted unsaturated fat intake (P-interaction < 0.05), on follow-up measurement of HDL-C concentrations. On joint analysis, combinations of carrying the T allele with lifestyle variables, such as having a BMI <25 kg/m 2 , nonsmoking, alcohol consumption, being active, and eating fewer carbohydrates and more unsaturated fat, were significantly associated with higher concentrations of HDL-C. Regardless of the amounts of total energy, protein, and saturated fat consumed, carrying the T allele was positively associated with HDL-C concentrations. We also observed interactive effects of gene and BMI on the follow-up measurement of TG concentrations (P-interaction < 0.01). In particular, among persons with a BMI of $25 kg/m 2 , carrying GG was positively associated with TG concentrations and carrying the T allele was inversely associated with TG concentrations. On joint analysis, combinations of carrying the T allele with nonsmoking, no alcohol consumption, and eating fewer carbohydrates and more protein and fat were inversely associated with serum TG concentrations.
We attempted multiple comparison analyses for HDL-C and TG concentrations across the categories of alcohol consumption, unsaturated fat intake, and BMI (Fig. 1) , which showed significant interactions with the LPL polymorphism in Table 3 . Panel A shows the comparison of HDL-C concentrations across the categories of alcohol consumption and the LPL polymorphic genotypes. Among carriers of GG, alcohol drinkers consuming 1-15 g/d ethanol had higher HDL-C concentrations than nondrinkers (P < 0.05), whereas those consuming >15 g/d ethanol did not. Carriers of the T allele who consumed >15 g/d ethanol had higher HDL-C concentrations than alcohol drinkers carrying GG and nondrinkers (P < 0.05) (Fig. 1A) . Panel B shows the comparison of HDL-C concentrations across the quartiles of unsaturated fat intake and the LPL polymorphic genotypes. Carriers of GG had similar HDL-C concentrations regardless of unsaturated fat intake, whereas those with the T allele who consumed higher amounts of unsaturated fat had higher HDL-C concentrations (P < 0.05) (Fig. 1B) (Fig. 1C) .
We further analyzed the interactive effects of the LPL polymorphism and unsaturated fat intake after categorizing unsaturated fat into monounsaturated and polyunsaturated fat. Although the regression coefficient of the interaction term for both types of fat was nonsignificant, carriers of the T allele were more likely to have higher HDL-C concentrations than those with GG only when they consumed high amounts of monounsaturated and polyunsaturated fat (P < 0.05) (data not shown).
Discussion
A prospective cohort study demonstrated that alcohol consumption and unsaturated fat intake significantly modulated the association between the common gain-of-function polymorphism in LPL and follow-up measurement of serum HDL-C concentrations after taking into account potential risk factors. To minimize reductions in HDL-C concentrations during the follow-up period, modification of lifestyle factors, such as alcohol consumption and eating more foods with unsaturated fat, appeared to be beneficial, especially for the carriers with the gain-of-function polymorphism in LPL. In addition, because significant interactive effects between BMI and the LPL polymorphism magnified an increase in serum TG concentrations, weight control may be more emphasized for obese carriers without the gain-of-function polymorphism in LPL to prevent the development of hypertriglyceridemia. The LPL gene, which spans ;35 kilobases on chromosome 8p22, encodes the mature form of LPL containing 448 amino acids (22, 23) . This enzyme takes part in lipid metabolism, mediating hydrolysis of TG-rich lipoproteins, such as chylomicrons and VLDL. Its action results in the production of FFAs and apo and thus contributes to the metabolism of HDL-C through the mechanism of exchange of apo between TG-rich lipoproteins and HDL-C (3). Indeed, persons with LPL deficiency are characterized by findings of severe hypertriglyceridemia and low concentrations of HDL-C (30), whereas higher activity of the enzyme is associated with lower TG and higher HDL-C concentrations (31) . Although evidence is still limited, LPL activity seems to be modified by aging (32) and lifestyle (33) as well as by carrying particular polymorphisms in the LPL gene (34) . Recent studies have reported some common polymorphisms that are significantly associated with longitudinal variations in HDL-C concentrations (35, 36) . In a 20-y follow-up study, Tang et al. (35) observed that several common polymorphisms, including rs328 (S4473), rs326, and rs13702, in LPL are significantly 1 Log-transformed serum concentrations measured after 6 y were used. Coefficient estimates for explanatory variables of interest, except for macronutrient intake, were obtained from the model that includes age, baseline measurement of serum HDL-C or TG concentrations, sex, study site, the rs10503669 polymorphic genotypes, BMI, smoking status, alcohol intake, physical activity, and total energy intake. To obtain regression coefficient estimates for energy-adjusted intake of carbohydrate, protein, saturated fat, or unsaturated fat, each of these dietary variables, instead of total energy intake, was fitted in the model. HDL-C, HDL cholesterol; LPL, lipoprotein lipase gene; MET-hours/d, total metabolic equivalent scores per day. 2 LPL rs10503669 genotypes. 3 The interaction term for the categorical variables listed in Table 2 was estimated. 4 Median value was used as a cutoff point. 5 Energy-adjusted intake.
associated with changes in TG and HDL-C concentrations among Americans. They also demonstrated that carriers of minor alleles of such multiple SNPs have favorable changes in HDL-C concentrations over time, suggesting genetic benefits due to specific LPL variants. To date, however, no epidemiological study to our knowledge has reported data on gene-lifestyle interactions related to LPL polymorphisms with longitudinal measurements of HDL-C and TG concentrations. Our findings suggest that decreasing HDL-C concentrations over time, partly as a result of aging, may be modifiable by alcohol consumption and high intake of unsaturated fat, possibly through increased gene expression depending on LPL polymorphic susceptibility. This is supported by evidence from an animal study that demonstrated upregulated expression of LPL in mice provided with 5% ethanol and a high-fat diet (37) . Although biological mechanisms underlying the association between unsaturated fat intake and the LPL polymorphism are still unclear, there are potential data supporting the hypothesis that unsaturated fat intake may upregulate the expression of LPL (38), leading to increased LPL activity and favorable profiles of HDL-C (39). Which type of unsaturated fat, monounsaturated fat or polyunsaturated fat, modifies the gene expression cannot be determined at this point. Regarding our data on TGs, it is unclear why the follow-up measurement was lower than the baseline. Nevertheless, obese persons with a BMI of $25 kg/m 2 who carry GG had higher serum concentrations of TGs than nonobese persons. Paradoxically, relatively reduced follow-up measurements of TG concentrations, possibly due to increased activity of LPL, were observed in obese persons with a BMI of $25 kg/m 2 who carry the T allele. Thus, TG concentrations were significantly modified by interactions between the LPL polymorphism and BMI. Similar data were observed in an earlier cross-sectional study (13) , which showed that only obese persons benefit from carrying the 3447 allele by having lower plasma TG concentrations.
Previous epidemiological studies found significant interactions of the LPL polymorphism with smoking (14) , physical activity (14) , alcohol consumption (12, 15) , and intake of dietary fat (15, 16) , although no significant interaction for alcohol consumption was reported (11) . Inconsistent findings regarding alcohol consumption may be partly due to an unclear cause-and-effect relation in a cross-sectional design. Our study did not show significant interactions for some lifestyle factors but found that an unhealthy lifestyle, including obesity, heavy smoking, inactivity, heavy alcohol consumption, and high intake of carbohydrates, is detrimental for HDL-C or TG concentrations. Such detrimental effects are more intense for persons who do not carry the 3447 allele. In our study, the frequency of genotypes reflecting the 3447 allele was~78%. This means that most people need recommendations for a favorable lifestyle, such as maintaining an appropriate body weight, abstaining from smoking, being active, and consuming light to moderate amounts of alcohol. In addition, because carbohydrate-rich foods are likely to indicate high glycemic loading and increase hepatic secretion of TGs, leading to low concentrations of HDL-C, a diet containing unsaturated fat that replaces energy from carbohydrates may be recommended (40) .
The present investigation is a sole prospective cohort study to evaluate gene-lifestyle interactions in association with longitudinal variations in blood concentrations of HDL-C and TGs. Some limitations should be considered for the interpretation of our findings. We were unable to genotype the S4473 SNP of LPL, but we utilized the rs10503669 SNP as a surrogate marker of S4473. Given our results of the high degree of linkage disequilibrium between rs10503669 and S4473 and of similar effects on HDL-C concentrations, rs10503669 seems to be a reasonable marker reflecting S4473. Although trained personnel performed interviews with a validated FFQ and photos of portion sizes, measurement errors in dietary data might be unavoidable and tended to attenuate true associations. However, mean daily fat intake in this study (~40 g/d) was similar to the amount of fat consumed by Korean adults based on national survey data. Generalization of our results is certainly limited; in particular, because fat intake in our study was much lower than that in Western diets, the interaction findings between the LPL polymorphism and unsaturated fat intake may have limited relevance for other ethnic groups. A,B) or TG (C) concentrations according to lifestyle factors, such as alcohol consumption, unsaturated fat intake, and BMI, and the LPL rs10503669 polymorphic genotypes, which show significant gene-environment interactions among 5314 Korean men and women aged 40-69 y. Data are least-squares means of HDL-C or TG concentrations measured after 6 y, n = 5314. The least-squares means were estimated in the model, which includes age, baseline measurement of serum HDL-C or TG concentrations, sex, study site, BMI, smoking status, alcohol intake, physical activity, and total energy intake. Energy-adjusted intake of unsaturated fat, instead of total energy intake, was fitted in the model. Labeled means in a row with superscripts without a common letter differ, P , 0.05. HDL-C, HDL cholesterol; LPL, lipoprotein lipase gene.
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In conclusion, our prospective cohort study consisting of middle-aged and older men and women observed significant interactive effects of the LPL polymorphism and lifestyle factors, including alcohol consumption, unsaturated fat intake, and obesity, on follow-up measurement of HDL-C or TG concentrations. We suggest that consumption of alcohol and unsaturated fat may influence circulating HDL-C concentrations by modulating the LPL gene expression in carriers of the LPL 3447 allele and may contribute to minimizing aging-related reduction of blood HDL-C concentrations. As practical implications not only to prevent hypo-HDL cholesterolemia but also to potentially affect CHD risk, whether to encourage the consumption of alcohol and unsaturated fat for persons with a particular genetic makeup is uncertain at the present. In particular, because our data showed that alcohol consumption >15 g/d ethanol increased TG concentrations, a limited amount of alcohol may be advantageous on an overall lipid profile. Meanwhile, personalized dietary strategies to replace foods high in carbohydrates or saturated fat with foods rich in unsaturated fat would help carriers of the LPL 3447 allele effectively achieve favorable HDL-C concentrations.
